Synaptic dysfunction is thought to play important roles in the pathophysiology of many neurological diseases, including Alzheimer's disease, Parkinson's disease, and schizophrenia. Over the past few decades, there have been systematic efforts to collect postmortem brain tissues via autopsies, leading to the establishment of dozens of human brain banks around the world. From cryopreserved human brain tissues, it is possible to isolate detached-and-resealed synaptic terminals termed synaptosomes, which remain metabolically and enzymatically active. Synaptosomes have become important model systems for studying human synaptic functions, being much more accessible than ex vivo brain slices or primary neuronal cultures. Here we review recent advances in the establishment of human brain banks, the isolation of synaptosomes, their biological activities, and various analytical techniques for investigating their biochemical and ultrastructural properties. There are unique insights to be gained by directly examining human synaptosomes, which cannot be substituted by animal models. We will also discuss how human synaptosome research has contributed to better understanding of neurological disorders, especially Alzheimer's disease.
INTRODUCTION
Within the context of neural networks, the synapse is the region around the point of contact between two neurons, and there are two basic types depending on signal transmission mechanisms: chemical synapses and electrical synapses [1] . There are hundreds of neuron types and possibly thousands of synapse types in the mammalian brain. The number of chemical synapses in the neocortex alone exceeds 100 trillion [2] . It is, therefore, a monumental task to understand the sheer complexity and diversity of synaptic networks in the brain.
A very important method for studying synaptic terminals in the brain is to isolate them from tissues by subcellular fractionation techniques, and these preparations enriched in nerve endings are called ''synaptosomes''. Synaptosomes were first isolated in the late 1950s [3] , and extensively studied by electron microscopy to understand their structural properties and internal contents [4] [5] [6] . When brain tissues are homogenized, the shear force causes the nerve terminals to be torn apart from the axons and dendrites, and they reseal into spherical structures which can be isolated by centrifugation methods. The isolation procedure is schematically presented in Fig. 1 , using excitatory synapses of pyramidal neurons as an example. The presynaptic terminal of the glutamatergic synapse is usually a varicosity (bouton) along the axon, while the postsynaptic terminal is usually a spine protruding from the dendrite. During the homogenization process, the synaptic terminals break off and reseal into vesicular structures around 0.5-1 lm in diameter [7] . By electron microscopy, one may find vesicular objects of synaptic origin, containing synaptic vesicles or postsynaptic density (PSD), as well as membrane-enclosed fragments of myelin, mitochondria, microscomes, lysosomes, and plasma membranes [8] [9] [10] .
Synaptosomes freshly prepared from brain tissues are metabolically and enzymatically active. They contain the molecular machinery necessary for the uptake, storage, and release of neurotransmitters, as well as the channels and receptors required for signal transduction. They are active in protein synthesis, maintenance of plasma membrane potential, and ion homeostasis [11] . Synaptosomes can be further fractionated to collect various subcomponents such as synaptic vesicles, postsynaptic densities (PSD), and synaptic plasma membranes [4, 12] . The study of synaptosomes has been one of the cornerstones of neurochemistry research, being instrumental to our understanding of the molecular machinery of neurotransmission and synaptic protein-protein interaction networks [11] . The range of biochemical responses that remain active in synaptosomes continue to expand as more assays are being developed. For instance, recent studies have demonstrated the ability to measure synaptosome insulin response from frozen mouse brains [13] , as well as the upregulation and downregulation of SUMO-lylation in mouse synaptosomes by delivering enzymes linked to TAT peptides [14] . While earlier works in synaptosome research used animal brains, a growing number of studies have been directly applied to human brain tissues. In this review we will discuss how to access human brain tissues, how to prepare human synaptosomes, how to study synaptosomes, and what may be learned from such studies. This article is based on previously conducted studies and does not involve any new studies of human or animal subjects performed by any of the authors.
HUMAN BRAIN BANKS
The collection of human brains to study psychiatric and neurological disorders can be traced back to the late nineteenth century, but more systematic approaches toward establishing human brain banks started in the 1960s in the United States [15] . Today, there are dozens of human brain banks around the world dedicated to the collection of postmortem brain tissues after autopsies. Regional consortiums of brain banks, such as BrainNet Europe [16] and the NeuroBioBank [17] under the National Institutes of Health, USA, have been established Fig. 1 Isolation of human synaptosomes. When postmortem brain tissues are homogenized, the synaptic terminals often detach from neuronal processes and reseal into vesicular objects. The crude synaptosome pellet can be collected by sedimentation. Further enrichment is usually carried out by discontinuous sucrose gradient centrifugation in order to standardize the diagnosis and tissue collection procedures to provide researchers better access to large cohorts of human subjects.
There are two fundamental questions about the study of synaptosomes using human brain tissues. The first is what can be gained by studying postmortem human tissues compared animal models. The second is the validity of such studies considering the issue of post--mortem interval (PMI) between the time of death and the collection of tissues by autopsy, which is inevitably much longer for human subjects than experimental animals.
The most compelling reason for studying human brain tissues in great detail is to understand the underlying neuropathology of various developmental, traumatic, and degenerative brain disorders. Neuropathology is the basis of accurate diagnosis, etiological understanding, mechanistic insight, and therapeutic development. For example, the identification of b-amyloid fragment in plaques was first made in postmortem frozen tissues [18] , as well as the identification of a-synuclein in the Lewy bodies of Parkinson's disease (PD) [19] , tau in frontotemporal dementia (FTD) [20] , and TDP-43 in amyotrophic lateral sclerosis (ALS) [21, 22] . A thorough understanding of human neuropathology provides the guiding principles for establishing animal models for various disorders.
It has been shown that, even under healthy conditions, the subcellular localization of huntingtin [23] and a-synuclein [24] are somewhat different in rodent and human brains. This really brings out the question whether current animal models of neurological disorders are truly satisfactory representations of the actual human disease. In the case of Alzheimer's disease (AD), dozens of animal models have been developed [25, 26] , and based on these models tens of billions of US dollars have been invested into finding disease-modifying therapies, but all such efforts have failed over the past decades. We need to address critically to what extent these animal models actually mimic the pathogenesis and pathology of AD in humans, beyond the superficial resemblance of accumulating plaques and tangles, which were artificially driven by overexpressing mutant proteins. For instance, when we first discovered the presence of tau oligomers inside human synaptic terminals [9, 27] , we also checked a common animal model of tauopathy, rTg4510 mice overexpressing P301L human mutant tau [28] , but its synaptosomes were free of tau oligomers (unpublished data). It is plausible that the mutant tau misfolded so aggressively that they became aggregated before reaching the synapse, causing a marked distinction between mouse and human neuropathology.
There are two basic methods to preserve postmortem brain tissues-formalin fixation and cryopreservation. The former is chemically crosslinked and hence more stable, providing easier handling for histochemical studies. The latter is more amenable to the isolation of various biomolecules and organelles, without the interference of extrinsic chemical modification. To isolate human synaptosomes, cryopreserved tissues are always used. The critical factor affecting the quality of human brain tissues is the PMI [29, 30] . Current trends in brain banking aim to reduce PMI to just a few hours, but for some cases it may still be as long as 24-30 h. Studies have shown that overall rRNA and mRNA stability is maintained for up to 30 h postmortem, without apparent correlation with pH changes due to tissue acidification [31] , although specific mRNAs may be selectively degraded under the influence of long PMI or low pH [32] . On the other hand, dephosphorylation may occur on some proteins in less than 1 min, which is a significant problem even in animal experiments [33] . Ideally, the effect of PMI should be individually addressed for each assay condition, but this may not be practical in many experiments.
ISOLATION OF HUMAN SYNAPTOSOMES
The isolation of synaptosomes from mammalian brains has evolved relatively little over the last 30 years. This is based on subcellular fractionation techniques similar to those used for isolating other organelles such as mitochondria. In general, tissues are homogenized in a glass-Teflon (Potter-Elvehjem) grinder and an isotonic sucrose buffer (0.32 M). This is followed by low-speed centrifugation (500-10009g) to remove nuclei and debris, and high-speed centrifugation (10-20K9g) to collect the crude synaptosome pellet (P2 fraction). The P2 fraction may be directly analyzed or further subjected to discontinuous density gradient centrifugation (0.3/0.8/1.2 M sucrose) to remove major contaminants such as myelin fragments and mitochondria, by collecting synaptosomes at the 0.8/ 1.2 M interface ( Fig. 1) [6]. It is possible to collect synaptosomes by either sedimentation or flotation schemes in gradient centrifugation [34, 35] . Even after sucrose gradient centrifugation, the synaptosome faction still contains various organelle contaminants. Many of the vesicular objects from synaptosome preparations do not show clear organelle origin under electron microscopy and it is, therefore, rather difficult to assess quantitatively how presynaptic and postsynaptic terminals are resealed and collected by various isolation schemes.
Based on our experience of examining synaptically enriched preparations with electron microscopy, immunofluorescence microscopy [9, 27], flow cytometry, and super-resolution microscopy (unpublished data), with both human and mouse samples, it appears that at least five classes of nerve ending particles can be found ( Fig. 2) : (I) intact bipartite synapses, which show snowman-like structures; (II) presynaptic terminals with membrane-free PSD attached; (III) presynaptic terminals with membrane-enclosed PSD, but missing much of the postsynaptic cytoplasm; (IV) isolated presynaptic terminals; (V) isolated postsynaptic terminals. The underlying reason for the formation of class II and III objects is the numerous adhesion molecules linking the active zone to the PSD across the synaptic cleft. One may also occasionally find a single postsynaptic terminals with multiple presynaptic terminals attached, or vice versa.
The relative abundance of different classes of nerve ending particles are presumably affected by homogenization conditions, but detailed quantitative assessments have been very challenging using electron microscopy, immunofluorescence microscopy, and super-resolution techniques. It is generally assumed that isotonic homogenization buffers containing 0.32 M sucrose favor the formation of class II and IV objects. These are conventionally called ''synaptosome'' preparations, which are used by most laboratories working with isolated synaptic terminals [11] . A less common approach is to prepare isotonic homogenization buffers without sucrose, but with NaCl and other salts. Such preparations are generally called ''synaptoneurosomes,'' initially described as containing more class I, III, and V objects [36, 37] . In the early years of neurochemistry research, synaptosomes were supposedly presynaptic objects (class II and IV) and neurosomes were supposedly postsynaptic objects (class V), and synaptoneurosomes were supposedly bipartite (class I and III). However, later research revealed that the enrichment of various presynaptic and PSD markers examined by Western blot were hardly distinguishable between synaptosomes and synaptoneurosomes [38] . Our own experiments also confirmed that presynaptic markers (synaptophysin) and postsynaptic markers (PSD-95, MAP2) were similarly enriched in crude synaptosomes vs. synaptoneurosomes (unpublished data). Although sucrose and salt-based buffers may result in somewhat different resealing behavior of the postsynaptic terminal, the difference may not be as striking as initially assumed. Whittaker has suggested that all nerve ending particles obtained by subcellular fractionation may be generally described as ''synaptosomes'' [11] . On the other hand, ''synaptoneurosomes'' may be used under a more restricted context to describe synaptic fractions prepared in sucrose-free/ high-salt homogenization buffers, which may Fig. 2 Morphological classification of synaptically derived particles. From synapses composed of axonal boutons and dendritic spines, five different classes of nerve ending particles may be generated after detachment and resealing be more suitable for studying postsynaptic components.
The major drawback of the sucrose gradient method is the change in osmotic pressure. As synaptosomes enter the hypertonic sucrose gradient, they will shrink in size and lose some cytoplasmic components. This can be overcome by using iso-osmotic medium such as Percoll (colloidal silica) [39, 40] . The advantages of Percoll include low viscosity, shorter centrifugation time, and maintaining constant osmolarity to prevent shrinkage/expansion [41] . However, synaptosomes collected from Percoll gradients (at 10/20% interface) are less enriched in synaptic terminals than those collected with sucrose gradients [42] . There is a tradeoff between synaptosome integrity and purity. Another method to carry out synaptosome isolation under isotonic condition is to employ Ficoll dissolved in 0.32 M sucrose [43, 44] . Ficoll is a high-mass, hydrophilic carbohydrate polymer crosslinked into spheres of 2-7 nm in diameter. However, the purity of synaptosomes prepared with Ficoll is also lower than those from sucrose gradients [45] . As such, the optimal choice among sucrose, Percoll, and Ficoll methods may be application-specific.
In our experience, synaptosome preparation protocols developed for rodent brains are equally applicable to postmortem human tissues [9, 27] . The only noticeable difference is that, after grinding brain tissues, human samples contain more insoluble debris than rodent samples, which can be removed by additional centrifugation or 20 lm nylon filters.
STUDIES OF HUMAN SYNAPTOSOMES
Studies of postmortem human synaptosomes started in the late 1970s [46] . Around this period, there were numerous studies on synaptosomes freshly prepared from experimental animals to study their morphology, metabolism, and functional activity [11] . Therefore, scientists began to examine the possibility of preparing synaptosomes from postmortem human tissues, comparing them to fresh brain tissues removed during neurosurgeries [47] [48] [49] .
Compared to fresh tissues, synaptosomes prepared from postmortem tissues gradually lost their respiratory activity as PMI increases. Nonetheless, even with a PMI of 24 h, synaptosomes still retained respiratory activity and the ability to release neurotransmitters, and appeared to be morphologically indistinguishable from those from fresh tissues. It was also found that freezing human brain tissues slowly (without additional liquid) and thawing them rapidly were optimal for preserving metabolic activities in synaptosomes [49, 50] . Conversely, rapid freezing, adding sucrose solution as cryo-preservative, and slow thawing were all detrimental, which appeared to be somewhat counterintuitive and the underlying reasons remain unclear.
In the 1970s, researchers began to use postmortem tissues to explore the underlying pathological deficits in neurotransmitter systems in neurodegenerative disorders, especially AD [51] . Because AD is the most common of all neurodegenerative disorders, it was also easier to collect brain tissues from AD patients. In the 1980s, researchers started using synaptosomes prepared from postmortem brains to study AD-associated deficits in neurotransmission, including acetylcholine [52, 53] , glutamate [54] , and c-aminobutyric acid (GABA) systems [55] . More recent synaptosome studies have examined the decrease of neprilysin in AD patients [56] . Likewise, the localization of huntingtin has been examined in the synaptosomes of Huntington's disease patients [23] . For psychiatric disorders, postmortem synaptosome have been applied to study dopamine uptake in schizophrenia patients [57] , SNAP-25 levels in bipolar disorder [58] , and Na-K-ATPase levels in depressive disorders [59] . Overall, however, there are still very few studies that examine human synaptosomes for neurological disorders other than AD.
EXPANDING ANALYTICAL TECHNIQUES
Traditionally, human synaptosome studies have focused on individual aspects of neurotransmission or metabolism. With recent advances in high-throughput techniques such as transcriptomics (by deep RNA sequencing), proteomics (by shotgun mass spectrometry), and metabolomics (by liquid chromatography-tandem mass spectrometry), it should be possible to accelerate the pace of new discoveries with human synaptosomes. Unfortunately, this area of research remains underexplored, with only one preliminary study on the phosphoproteomics of normal human synaptosomes [60] . Moreover, neither transcriptomics nor metabolomics have been applied to study human and animal synaptosomes. The ''Omics'' approaches may be promising new avenues in human synaptosome research. They may also offer insights for biomarker discovery, because synaptic molecules and proteins are likely to be released into the cerebrospinal fluid or blood, and hence biochemical changes at synapses may be detectable in biological fluids by in vitro diagnostic methods of ever increasing sensitivity. While the presence of many synaptic proteins [61] in the cerebrospinal fluid [62] is well documented, less is known about the release of synaptic proteins into the blood. According to the Plasma Proteome Database [63] , many classical synaptic proteins, such as synapotagmin, synaptophysin, SNAP-25, and syntaxin, have been identified in the serum. The serum levels of Ab-42 and tau are increased in AD patients [64] , and both proteins are known to be synaptically released [65, 66] , although there may also be non-synaptic routes of their release into the serum.
Another opportunity for high-throughput characterization of synaptosomes is flow cytometry. Gylys and coworkers have shown that immunofluorescence staining in postmortem synaptosomes could be individually isolated or quantified at high speeds [67, 68] . In our experience, tens of thousands of synapses could be quantitatively analyzed in a few minutes on a flow cytometer, and up to three fluorescence channels is feasible for simultaneous detection (unpublished data). Gylys and coworkers have demonstrated that AD patients accumulated Ab and hyperphosphorylated tau (p-tau) at synaptic sites in multiple brain regions, accompanied by increased synaptosome size, reduced numbers of PSD, and increased free cholesterol [69] [70] [71] . Co-localization of Ab and p-tau was demonstrated by dual labeling experiments, and the synaptic accumulation of Ab occured at the earliest plaque stages, before the accumulation of synaptic p-tau, which appeared at later stages [71, 72] . However, even in early disease stages, p-tau appeared to be elevated in individual Ab-positive terminals. These results implied that soluble oligomers of Ab may trigger tau pathology at synaptic terminals, which may be important for the onset of dementia [72] . They have also shown that c-terminal truncated tau was released by presynaptic terminals when postmortem synaptosomes were stimulated by depolarization, supporting the notion that tauopathy may spread across different regions through synaptic networks [66] . Flow cytometry of postmortem synaptosomes have also shown that dopamine transporter was decreased in the putamen region of dementia with Lewy body patients [73] .
With the spatial resolution of current flow cytometers, it is not yet possible to differentiate proteins of presynaptic and postsynaptic origins. This differentiation is also very difficult in immunohistochemistry experiments because human tissues have much longer PMI than animals, resulting in less optimal preservation and hence higher background staining. Tai et al. have demonstrated that isolated human synaptic terminals fixed over glass slides could be immunostained to distinguish presynaptic from postsynaptic protein localization [27] . They discovered that normal human tau protein under normal conditions were equally abundant at presynaptic and postsynaptic terminals, against the common misconception that tau was predominantly presynaptic in healthy neurons. Under AD conditions, misfolded and hyperphosphorylated tau proteins were also equally abundant at presynaptic and postsynaptic terminals [9] , which lent support to the hypothesis that misfolded tau may transmit trans-synaptically via ''prion-like'' mechanisms [74, 75] . Figure 3 shows the confocal image of an isolated human synaptosome immunostained with presynaptic and postsynaptic markers. A third immunofluorescence channel can be added to localize the target protein to presynaptic or postsynaptic sites. In fact, immunofluorescence imaging of fixed synaptosomes is technically similar than visualizing synaptic terminals in cultured neurons [9, 27] . Therefore, it is also possible to study synaptosomes by high-content imaging methods incorporating automated microscopes as well as automated image processing [76] .
The practical x-y resolution of confocal and epifluorescence microscopy is limited by diffraction to 150-200 nm. Compared to the size of synaptic terminals (500-1000 nm), this resolution is insufficient to reveal protein colocalization within the synapse. The application of direct stochastic optical reconstruction microscopy (dSTORM), a super-resolution microscopy technique based on immunofluorescence, can push the resolution limit down to 30 nm and reveal ultrastructural information within the synapse [77] . The dSTORM technique has yet to be applied to human synaptosomes, but it holds great promise for studying the ultrastructural distribution and colocalization of synaptic proteins.
There are multiple reasons as to why recent studies on human synaptosomes have focused on AD more than any other neurological disorder. First, AD is the most common of all neurodegenerative disorders and occurs frequently in the elderly. Therefore it is easier to build up large cohorts of AD patients in brain banks. Second, AD has often been attributed as a synaptic disorder [78] . Cognitive decline in AD patients shows stronger correlation with synapse loss than with neuronal loss, plaque deposition, tangles accumulation, or various measures of Ab and tau misfolding [79, 80] . Third, key proteins in AD pathogenesis, including APP, Ab, ApoE, and tau, have all been observed within human synaptosomes [9, 27, 71, [81] [82] [83] . Both Ab and tau are secreted at human synaptic terminals upon activation or stimulation [65, 66] . The transmission of abnormal tau along synaptic networks has been demonstrated in several animal models [84] [85] [86] [87] , and its propagation into cortical regions is accelerated by misfolded Ab [88] . We have also shown that hyperphosphorylated tau oligomers accumulated at synapses in AD subjects [9, 27] , and subsequently observed that, among people with high plaque and tangle pathologies, those who did not accumulate tau oligomers at synaptic sites tended to remian congnitively normal, while those who did generally exhibited the congnitive symptoms of AD [89] . Therefore, the study of synaptic abnormalities is crucial for understanding the pathogenesis and progression of AD.
Moreover, current therapeutic agents for AD are also focused on preserving synaptic function. There are currently four FDA-approved drugs on the market for AD [90] . Three of them are cholinesterase inhibitors (donepezil, rivastigmine, galantamine) and the other is an N-methyl-D-aspartate receptor antagonist (memantine). The efficacy of cholinesterase inhibitors is explained by the massive degeneration of Fig. 3 Immunofluorescence imaging of an isolated human synaptoneurosome fixed over the coverglass. Under the confocal laser scanning microscope, the bipartite synapse has a snowman-like appearance in the transmitted light channel (488 nm laser). With two-channel immunofluorescence detection, the upper structure is characterized by presynaptic marker synapsin I and the lower structure by postsynaptic marker PSD95. These images have been up-converted in pixel dimensions, smoothed, and contrast-enhanced (H. C. Tai, unpublished data) cholinergic neurons located at the nucleus basalis of Meynert in AD patients [91, 92] . However, currently available drugs only offer symptomatic relief for AD patients, without slowing down the progressive nature of neurodegeneration. Apparently, we need to further investigate the pathophysiology of synapses in AD patients, using the expanding analytical approaches mentioned above, to help us develop disease-modifying therapies which could slow down synaptic and neuronal loss.
CONCLUSION
The ultimate goal of neuroscience is to understand the human brain. However, due to practical limitations, most of the neuroscience research at the cellular and molecular levels have been conducted with animal models or cultured cells. The growing collection of tissues deposited in human brain banks provides tremendous opportunities for future research to directly investigate the human brain. This line of research will be most valuable for understanding human neurological disorders, especially for studying the ''fine pathology'' which has been largely overlooked. The ''fine pathology'' refers to a series of molecular and subcellular changes undetectable by conventional histology techniques, which may very well be quite different in human brains compared to animal models. The only way to tell if they are different is to apply the latest technologies and carefully examine both human and animal brain tissues.
The synapse plays crucial roles in the pathogenesis and pathology of many neurological disorders. The methods of isolating synaptosomes from animal tissues are equally applicable to human tissues. Human synaptosomes can be used to study neurotransmission, metabolism, protein synthesis, protein localization, and posttranslational modification. An increasing number of studies have been examining the synaptosomes of AD patients, and these analyses should be extended to other neurodegenerative and psychiatric disorders. To accelerate the pace of future discoveries, high-throughput analyses including transcriptomics, proteomics, metabolomics, high-content imaging, and flow cytometry should be increasingly applied to human synaptosomes. Ultrastructural studies based on super-resolution fluorescence imaging will offer important avenues for exploration, likely to reveal many exciting discoveries. We are just entering the dawn of human neuroscience and many new discoveries will undoubtedly originate from the direct examination of the human brain.
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